A venous air embolism can occur as a result of circumstances that include blunt head or chest trauma, thoracentesis, arterial catheterization, neurosurgery, cardiac surgery, and Caisson disease. The formation of a venous air embolism requires an air source, interaction between the air source and the vessel, and a pressure gradient supporting air migration into the vessel. Air enters through the impaired venous structure and travels to the right side of the heart and the pulmonary arteries, and depending on the amount of air, may occasionally be fatal. This report is the description of the case of a 3-year-old child who developed a fatal venous and cerebral embolism during neurosurgery for the treatment of skull fractures with epidural and subdural bleeding due to blunt head and chest trauma resulting from a television falling on her. The pathophysiology of death and notes regarding the medico-legal autopsy procedure in such cases are discussed. Meticulous autopsy techniques must be used to determine the presence of an air embolism in cases of blunt trauma, especially in patients with blunt trauma to the head who die during neurosurgery, and possible future malpractice claims should be kept in mind.
INTRODUCTION
A venous air embolism is a rare, but potentially fatal, condition that can occur as a result of blunt head and chest trauma, thoracentesis, arterial catheterization, and especially during neurosurgical and cardiac surgery or cases of Caisson disease. [1] [2] [3] [4] A venous air embolism is also known as a pulmonary air embolism. Three conditions are required for the formation of a venous air embolism: the presence of an air source, interaction between the air source and a vessel, and a pressure gradient supporting air migration to the vessel. [2, 5] Air enters through a damaged vein wall and travels to the right side of the heart and the pulmonary arteries. The transition of at least 75 cm³ to 200-300 cm³ of air into the circulation is necessary for the development of a fatal venous air embolism. [6, 7] Low-volume venous air emboli occurring after minor intravenous interventions may reach the pulmonary circulation via the right atrium and the right ventricle, but they are generally asymptomatic. A large quantity of air entering the venous circulation, however, can cause death as a result of cardiovascular system blockage. [8] In invasive surgical interventions, such as an adult cardiac bypass operation, the incidence of massive air embolism varies between 0.003% and 0.007%, and various complications occur in half of the affected patients. [9] According to DiMaio, [6] air embolism occurs in 21% to 29% of all craniotomies and 40% of all occipital craniotomies, though it is rarely fatal. A venous air embolism may be seen in open cranial fractures resulting from blunt head trauma, especially if the fracture is displaced and multisegmental. [5] Presently described is the case of a rare, fatal venous and cerebral air embolism that occurred during a neurosurgical operation on a 3-year-old girl who had blunt chest and head trauma as a result of a television falling upon her. Points to be considered in the medico-legal autopsy of such cases, and the pathophysiology and treatment of venous air embolism are discussed.
CASE REPORT
An unconscious 3-year-old girl was brought to the emergency department of a university hospital. A CRT television set had fallen on her while she was playing with the TV unit at her grandfather's house. On initial examination, her general condition was poor; she was unconscious and had a parietal cephalohematoma. The initial cranial computerized tomography (CT) scan showed displaced fractures in the right temporoparietooccipital bones and acute subdural-epidural hematoma in the same region. A follow-up CT revealed increased bleeding and an urgent operation to drain the subdural-epidural hematomas was performed.
She was placed on the operating table and her head was deviated to the left side for the neurosurgical operation. A fracture line initiating from the right temporal bone leading to the mastoid and occipital bone was observed. Bleeding from the posterior part of the fracture line was detected and this area was closed with bone wax and antihemorrhagic agents. A temporoparietooccipital craniotomy was performed by creating a burr hole in the occipital bone. Underneath the craniotomy defect, 2 cm of hemorrhagic fluid consistent with an epidural hematoma was observed and removed. When the dura was opened, additional hemorrhagic fluid compatible with an acute subdural hematoma was also removed. The brain pulsation was not clear. A sudden decrease in the end tidal carbon dioxide volume occurred. The patient was turned upside down. A drain was placed in the epidural space and suturing was performed. Upon the development of cardiac arrest following the suturing, cardiopulmonary resuscitation was performed; however, she didn't respond to resuscitation and was declared dead. Approximately 8 hours after her death, an autopsy was conducted to determine the cause of death. The medico-legal autopsy determined that the patient was a 12 kg, 91 cm, female child, and that livor mortis and rigor mortis were present. No putrefaction sign or gas formation due to putrefaction was detected. A 22-cm, C-shaped, sutured surgical wound was noted on the temporoparietooccipital region, as well as left periorbital ecchymosis and needle marks on various regions of the body. In order to determine any presence of an air embolism, the thoracic cavity was opened in such a way as to preserve the upper one-third of the sternum inside the chest (Fig. 1a) . The vessels of the thoracic inlet were preserved. The pericardium was opened and the inside was filled with water. The presence of air was investigated by puncturing the right ventricle with a scalpel. It was observed that there was a dense pocket of air bubbles (Fig. 1b) . The main vessels of the heart were observed in the normal anatomical locations. There was frothy blood inside the heart. The foramen ovale was closed. Regions of petechial bleeding over the surface as well as parenchymal bleeding were observed in both lungs in cross-sections. An 8.5x5 cm-sized bone defect was observed on the right temporoparietooccipital region. Epidural bleeding was observed in the bilateral temporal and occipital regions. The brain had an edematous appearance. A few air bubbles were observed in the cerebral vessels (Fig. 1c) . Subarachnoid bleeding in the lower part of the left frontal region and hemorrhagic infarct regions in the thalamus was observed. There were linear fractures in both orbital roofs, and in the right temporal and occipital bones (Fig. 1d) . Subarachnoid bleeding in the frontal lobe and fresh bleeding foci on the dura mater, as well as bleeding foci in both lungs were reported in the histopathological examination. No lethal or fatal toxic substances were detected in the toxicological examination. The conclusion was that the child's death occurred due to an air embolism.
DISCUSSION
A fatal embolism is a rare diagnosis in childhood medico-legal autopsies. Nonetheless, childhood traumas and medical interventions, such as surgery, vascular catheterization, and ventilation, may result in the transition of air into the arterial or venous circulation. [10] The surgical procedures most frequently related to an air embolism are neurosurgical and cardiac surgery, epidural interventions, and umbilical venous catheterization. [11] In our case, venous and cerebral air embolism occurred during a neurosurgical operation after blunt head trauma, which is the most common cause of air embolism.
In the postmortem period, a venous air embolism is diagnosed by the presence of air in either the vessel lumen or the chambers of the heart. [5] A cerebral air embolism is diagnosed based on the presence of air bubbles in the cerebral vascular system in autopsy. In order to diagnose a venous air embolism in suspected cases, the manubrium and upper ribs are preserved in order not to damage the main vessels, and the remaining parts of the sternum and ribs are dissected carefully. The pericardium is punctured and filled with water. The right and left ventricles are penetrated underwater and the presence of air bubbles is assessed. [2, [12] [13] [14] This technique can lead to false positive results in decaying corpses due to the gas formation related to putrefaction. [13] In our case, the upper one-third of the sternum was preserved in order not to damage the main vessels. Afterwards, the pericardial sac was punctured and filled with water, and when the right ventricle was penetrated using a bistoury, an air bubble flow was observed. A diagnosis of venous air embolism was made. This technique is consistent with the literature and the accuracy of the diagnosis was increased by not creating an artifact, which may cause false positivity. Due to the absence of signs of decay in the body, false positivity as a result of decay-related gases was excluded.
Venous air embolism occurs most frequently during a neurosurgical operation in the context of a posterior fossa craniotomy performed in the sitting position as a result of the gradient created due to gravity. The incidence has been reported to be 76%, though the rate of a fatal embolism is lower. Air enters through the venous sinuses during surgery and travels to the right side of the heart. [15, 16] Most vessels have thin walls, and when injured, the vessel lumen collapses due to external pressure exceeding the internal pressure. Thus, air transition and embolism are prevented. The dural sinuses have more rigid walls and preserve their luminal space even after injury. [5] Our case had a displaced linear fracture in the bilateral orbital roofs, the right temporal bone, and occipital bones. Linear and displaced fracture lines, especially in the occipital region, cause tears and bleeding in the dural sinuses in this region. A craniotomy was performed in the side-lying position. An air embolism is less frequent in this position compared with the sitting position. In spite of blood and a blood clot being removed during the surgery, the injured dural sinuses retained sufficient rigid structure and negative air pressure to allow for an air embolism leading to subsequent death.
The pathophysiological effect of venous air embolism is correlated with the air volume that has accumulated in the right ventricle. Clinical findings may vary from focal neurological deficits to seizures, coma, loss of consciousness and diffuse encephalopathy in living cases. [4] An air embolism can also cause severe cardiovascular and respiratory dysfunction. A major embolism could lead to sudden cardiovascular collapse through complete output obstruction of the right ventricle, a decrease in pulmonary venous input, sudden right heart failure, a decrease in left ventricular preload, or a decrease in cardiac output. [1, 12, 14, 15] Right ventricular activity turns air and blood into frothy blood. [6, 11] During surgery, a sudden decrease in the end tidal CO 2 volume and arterial oxygen saturation are important markers of an air embolism. [15] In our case, a sudden decrease in the end tidal CO 2 volume was considered a sign of a potential air embolism, thus the body was upside-down and cutaneous-subcutaneous suturing was performed in order to prevent more air from entering the circulation; however, sudden cardiac collapse occurred. The medico-legal autopsy revealed frothy blood due to right ventricular activity and an air embolism inside the heart, as expected. Clinical findings occur in living cases due to the amount of air entering the vein, the localization, and the air velocity. The findings may vary from focal neurological deficit to death, although asymptomatic cases may also be seen. [17] An air or gas embolism can cause mechanical blockage of a vessel lumen with irritation and vascular endothelial damage. [18] Mechanical occlusion in a cerebral venous air embolism does not cause sudden arterial ischemia, but its interrelationship with the endothelium triggers neutrophil aggregation with beta2-integrin adhesion, and worsening venous stasis can potentially cause infarction. An ischemia-reperfusion mechanism to manage the inflammatory process further increases the damage. [19, 20] Treatment of an air embolism involves the delivery of emergency oxygen. The increased partial oxygen pressure will accelerate the absorption of gas and the air embolism will decrease in size. [21, 22] Hyperbaric oxygen therapy (HBOT) has been used to reduce the volume of intravascular gas bubbles in patients with a neurological deficit, though the clinical effects are still controversial. [20, [23] [24] [25] [26] HBOT has 2 primary effects. First, increased atmospheric pressure will affect gas bubbles mechanically and their volume will decrease inversely with pressure. In addition, increased pressure helps the passage of gas and oxygen through the tissues and venous blood for elimination through the lungs. The second effect is significantly increased partial oxygen pressure. [22, 27] Satisfactory results were obtained after HBOT therapy was administered within the first 7 hours of a cerebral air embolism developing following cranial surgery. [28] If air enters the arterial circulation directly through the pulmonary veins, even small amounts (0.5-1 mL) of air can be fatal. [20, 29] If the foramen ovale is closed, air transition from the venous to the arterial system may result either from pulmonary arteriovenous malformations or a physiological pulmonary shunt. A 1.5-3 mL/kg air volume could also lead to over exceeding the filtration capacity of the lungs, thus resulting in embolism. [1] Since the foramen ovale was closed in our case, a cerebral air embolism seems to have resulted from air transition to the arterial circulation from the lungs via the physiological shunts. The presence of a hemorrhagic infarct region in the thalamus, which requires more oxygen, as well as cerebral edema support our diagnosis. However, air can be an artifact in cerebral vessels when the skull is opened. In such cases, a cerebral air embolism diagnosis should be made after a detailed investigation of diagnosis-supporting signs.
Damage can be minimized by early diagnosis and treatment of air emboli, which have a high rate of mortality and morbidity. It should be considered that death may be due to air embolism in patients with blunt trauma findings, particularly to the head, who die during a neurosurgical operation. Precise medico-legal autopsy techniques that are sufficient to diagnose air embolization should be used to determine the presence of an air embolism, particularly given the possibility of a malpractice claim.
Conflict of interest: None declared.
